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1 Introduction
For pro ton exchange membrane fuel cell
(PEMFC), an electrochemical energy conversion de-
vice, the large overpotential for oxygen reduction re-
action (ORR) at the cathode represents a loss of
about 20% from the theoretical maximum efficien-
cy. The low activity, poor durability and high cost of
platinum-based catalysts in PEMFCs constitute a
major barrier to the commercialization of fuel cells.
It is the kinetic limitation of the oxygen reduction at
cathode catalysts which causes a problem for fuel
cells operating at low temperature (<100 益 ). The
rate of breaking O=O bond to form water strongly
depends on the degree of its interaction with adsorp-
tion sites of the catalyst. Many studies focused on
understanding the mechanism of oxygen reduction
on Pt要Fe, Pt要Ni, and Pt要Co [1], including CO- or
methanol-tolerant catalysts [2]. Bulk-melted PtBi,
PtIn, and PtPb intermetallic phases [3] and Ru
nanoparticles modified with Pt [ 4] showed some
promises for fuel cell applications. The application
of high throughput, combinatorial screening meth-
ods to screen a large number of catalysts using an
optical fluorescence technique by detecting proton
production on an array of catalyst inks with different
compositions has been successfully demonstrated [5].
Individually addressable array electrodes have been
also investigated for rapid screening [6-7]. The high
Ternary Alloy Electrocatalysts for Oxygen Reduction Reaction
Jin Luo1, Lefu Yang1,2, Binghui Chen2, Chuanjian Zhong1*
(1.Department of Chemistry, State University of New York at Binghamton, Binghamton, New York 13902, USA;
2. College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, Fujian, China)
Abstract: Proton exchange membrane fuel cell represents an important electrochemical energy conversion device with
many attractive features in terms of efficiency of energy conversion and minimization of environmental pollution. However,
the large overpotential for oxygen reduction reaction at the cathode and the low activity, poor durability and high cost of
platinum-based catalysts in the fuel cells constitute a focal point of major barriers to the commercialization of fuel cells. The
development of nanostructured catalysts shows promises to addresses some of the challenging problems. The ability to
engineer the composition and nanostructure of nanoalloy catalysts is important for developing active, robust and low-cost
catalysts for fuel cell applications. This article highlights some of the recent insights into the catalytic properties of ternary
nanoalloy catalysts prepared by molecularly-engineered synthesis and thermochemically-controlled processing, focusing on
oxygen reduction reaction in fuel cells. This approach has demonstrated the abilities to control size, composition, and
nanoscale alloying of binary and ternary nanoalloys. A highly-active ternary nanoalloy catalyst consisting of platinum, nickel
and cobalt that is supported on carbon (PtNiCo/C) will be discussed as an example, highlighting the importance of nanoscale
tuning of structures and composition for the design of fuel cell catalysts. The mass activity of selected PtNiCo/C catalysts has
been shown much higher electrocatalytic activity than those observed for their binary counterparts and commercial Pt/C
catalysts. Selected examples will also be shown that the catalytic activity can be tuned by the ternary composition. The
structural and synergistic properties of the ternary nanoalloy catalysts for the enhancement of the electrocatalytic activity will
also be discussed.
Key words: ternary nanoalloys; nanocatalysts; electrocatalytic activity; oxygen reduction reaction; fuel cells
CLC Number: O646 Document Code: A
Received: 2012-07-13, Revised: 2012-08-11 *Corresponding author, Tel: 1-607-777-4605, E-mail: cjzhong@binghamton.edu
The research work was supported by National Science Foundation (CBET-0709113 and CHE-0848701), Department of Energy,
Honda, and UTC Power.
电化学
JOURNAL OF ELECTROCHEMISTRY
第 18卷 第 6期
2012年 12月
Vol. 18 No. 6
Dec. 2012
Artical ID:1006-3471(2012)06-0496-12
罗 瑾 等:三元合金氧还原电催化剂第 6期
throughput combinatorial screening of catalysts is
very useful for rapid screening[8]. There are many ex-
amples of Pt alloys with early transition metals such
as Co, Ni, Fe, Cr, Mn, V, etc. as catalysts for ORR
in PEMFCs [9-10]. Studies on single crystalline thin
films revealed that the addition of an early transition
metal to Pt could change the atomic scale structures
(Pt-Pt bond distance and coordination number) and
electronic structures of Pt [11-12]. The ORR catalytic
activity of these alloys is also dependent on the type
and concentration of the second metal in the subsur-
face atomic layers[13-14]. The enhanced electrocatalyt-
ic activity of various Pt-based alloy catalysts arises
from a combination of physical or chemical proper-
ties, including reduction of Pt-Pt distance, modified
affinity for adsorption of hydroxide groups, d-orbital
vacancy, formation of Pt skin as a result of base
metal dissolution, crystal faceting, degree of alloy-
ing or atomic ordering, etc. While there are a num-
ber of reports on the detailed structural correlation
of the fuel cell performance of Pt-based alloy cata-
lysts [15-18], a clear understanding of these physical or
chemical properties is lacking, largely due to the
lack of precise control of the nanoscale composition
and structures.
The preparation of catalysts from Pt alloyed
with different transition metals has been an impor-
tant focus for the development of fuel cell catalysts
[2,19-20]. In many cases, the preparation of catalysts has
been mostly based on traditional methods such as
co-precipitation or impregnation[21-26], which are of-
ten not adequate for controlling size and composi-
tion of the catalysts. In contrast to most existing
methods, the study of nano-engineered multimetallic
alloy catalysts[8,27-31] has the pot ential in creating a
synergistic balance of activity and stability of the
catalysts. We have developed a strategy for nano-en-
gineering the size, shape, composition and structural
properties of multimetallic nanoparticles (e.g., AuPt,
PtNi, PtCo, PtVFe, PtNiFe, PtNiCo, PtIrCo, etc.) as
active and stable electrocatalysts for ORR[32-40], with
some catalysts (e.g., AuPt, PtVFe and PtNiFe)
tested in PEMFCs [37-40], demonstrating remarkable
effectiveness of the synthesis and processing strate-
gy [8,27-30,41]. In this article, findings from our recent
studies of a highly-active ternary nanoalloy catalyst
(PtNiCo) are discussed, along with a brief summary
of different ternary nanoalloy catalysts, highlighting
the importance of nanoscale tuning of structures and
composition for the design of advanced catalysts.
2 Catalyst Preparation
Traditional approaches to preparing supported
nanoparticle catalysts involve co-precipitation, de-
position-precipitation, ion-exchange, impregnation,
successive reduction and calcination, etc. These
methods have been widely used for preparing noble
metal catalysts on support materials[42]. While a vari-
ety of supported Pt-group binary or ternary catalysts
have been prepared by traditional methods[10,42-46], the
ability to control the size and composition is limited
due to the propensity of aggregation of metals at the
nanoscale. The understanding of whether the forma-
tion of alloy or phase-segregation in multimetallic
nanoparticles is different from the bulk scale materi-
als, and how the catalytic activity and stability are
influenced by size, composition, and morphology
could hold keys to the engineering of durable and
active catalysts.
Our strategy to the preparation of nanoalloy
catalysts focuses on molecularly-engineered synthe-
sis and thermochemically-refined processing. This
strategy involves a sequence of three steps: solu-
tion-phase synthesis of the alloy nanoparticles with
molecular encapsulation, assembly of the encapsu-
lated nanoparticles on support materials, and ther-
mochemical treatment of the supported nanoparti-
cles [47]. For example, the general synthesis of the
ternary PtNiCo nanoparticles involved reduction
reactions of three metal precursors, PtII (acac)2,
NiII(acac)2, and CoII(acac)2, in controlled molar ratios
[34], forming PtNiCo nanoparticles capped with a
monolayer of oleylamine/oleic acid molecules. The
composition of Pt0n1Ni0n2Co0n3 nanoparticles, where
n1, n2 and n3 represent the atomic percentages of
each metal, is controlled by the feeding ratio of the
metal precursors. For the synthesis of other trimetal-
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lic nanoparticles, similar method was used. By con-
trolling the relative concentrations of metal precur-
sors and capping agents such as oleylamine and ole-
ic acid, the nanoparticles of different compositions
were synthesized. Fig. 1 shows TEM images for a
few samples from the as-synthesized PtNiCo, PtCo,
and PtNi nanoparticles.
Many of the binary or ternary nanoparticles can
be easily assembled on carbon support materials
with controllable dispersion and mass loading. Ther-
mochemical treatments of the carbon-supported
nanoparticles typically involved removal of organic
capping molecules and calcination of the alloy
structure. The average particle sizes after the ther-
mochemical treatment show some slight increase in
comparison with that before the treatment depend-
ing on the loading and the temperature. Importantly,
as evidenced by high resolution TEM-EDX data, the
ternary compositions of the particles of different
sizes are found to be largely identical, and practical-
ly the same as the bulk composition obtained by
bulk elemental analysis[8].
3 Electrocatalytic Activity for ORR
3.1 Measurement of Electrocatalytic
Activity
The electrochemically active area (ECA) of the
catalyst is determined from the voltammetric
charges for the adsorption of hydrogen on the Pt
sites of the nanoalloy, which is expressed in terms of
cm2 per unit of Pt mass in the catalyst. The electro-
catalytic activity of the catalyst for ORR can be de-
termined by two methods (Fig. 2). One involves ro-
tating disk electrode (RDE) measurement in which
convection is achieved by the electrode rotating
movement. The thickness of the diffusion layer is
determined by the convection and the diffusion rate
which are dependent on the rotating speed. The
diffusion limiting current is determined by the rate
at which the reactant diffuses to the surface of the
electrode. The current of ORR is dependent on the







The limiting diffusion current is
id = 0.2 neF C0D02/3 淄-1/6 棕1/2 = B 棕1/2
where ne is the number of electrons transferred per
mole in the ORR process, F is Faraday constant, C0
is the concentration of O2 dissolved, D0 is the diffu-
sion coefficient of O2 in the electrolyte, v is the vis-
cosity of solution, and B is a constant that includes
all these parameters, which is called Levich con-
stant. For 0.1 mol窑L-1 HClO4 electrolyte, the kinetic
current is often extracted at 0.900 V vs. RHE [32-40].
The kinetic current is used to determine the mass ac-
tivity (MA, current density per unit mass of Pt) and
specific activity (SA, current density per unit area of
Pt). To obtain the MA and SA, the kinetic current is
usually extracted from the RDE without IR-drop
correction [56]. It is therefore important to point out
that any comparison without IR-drop correction[56]. It
is therefore important to point out that any compari-
son of MA or SA data determined from RDE mea-
Fig. 1 TEM images for three samples of as-synthesized binary and ternary nanoparticles.
A. Pt36Ni15Co49 (3.4 依 0.4 nm); B. Pt75Co25 (1.8 依 0.4 nm); C. Pt78Ni22 (1.5 依 0.3 nm)
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Fig. 2 A schematic illustration of the different regions of the
I-V curves from measurement of membrane electrode
assembly (MEA) in a fuel cell (FC) and from rotating
disk electrode (RDE) in an electrochemical cell[57].
surements from different sources must consider the
without IR-drop correction[56]. It is therefore impor-
tant to point out that any comparison of MA or SA
data determined from RDE measurements from dif-
ferent sources must consider the condition of data
extraction.
Consider the RDE curve for a PtNiCo/C cata-
lyst[34] to illustrate the difference of the mass/specific
activity data between those obtained without and
with IR-drop correction. The current in the kinetic
region is shifted to a higher potential after the IR
drop correction, from which the extracted mass ac-
tivity is about 3 times higher than those reported for
the same catalyst without IR correction [34]. In our
work, all the mass activity data were determined
from the kinetic region without the IR drop correc-
tion.
The second method involves determination of
the polarization curve in a real fuel cell. A fuel cell
(FC) system contains a membrane electrode assem-
bly (MEA) consisting of catalyst layers and the pro-
ton exchange membrane. As illustrated in Fig. 2, the
curves coincide for the FC and RDE measure-
ments at the kinetic region, but depart from each
other in the diffusion region. The current extracted
in the RDE at the kinetic re gion provides a good
measure of the electrocatalytic activity of the ORR
electrocatalysts. Although the RDE measurement is
often used to determine the electrocatalytic activity
of catalysts, it does not provide a full picture on the
electrocatalytic performance of the catalysts of
MEA in a real fuel cell. Both RDE and MEA studies
are sometimes required to fully characterize the cat-
alyst activity and durability, providing important in-
formation on the performance of the catalysts from
different perspectives.
The cell voltage is determined by the thermody-
namic potential and the overpotential, 浊 electrochemical process,
which includes both the anode and cathode overpo-
tentials, i.e., 浊cathode - 浊anode, and the ohmic voltage
浊ohmic, which can be summarized as,
Ecell = ENernst + 浊electrochemical process – 浊ohmic (1)
where 浊electrochemical process = 浊catalyst – 浊conc.. The total over-
voltage associated with the 浊electrochemical process is depen-
dent on the overpotentials associated with the cata-
lyst activity (浊catalyst) and the concentration polariza-
tion (浊conc.). The activation overvoltage 浊catalyst is
mainly due to the sluggish activity of oxygen reduc-
tion reaction, whereas 浊conc reflects a combination of
reactant and product fluxes through the MEA, which
is also a mass transfer overpotential. At the low cur-
rent region, activation-related loss caused by the
sluggish kinetics is the main reason for the drop of
voltage, which includes the reactions, the catalysts
and the reactant activities. With the current increas-
ing, ohmic losses become more severe and lower the
fuel cell performance. Ohmic loss is often caused by
the internal ionic resistance in the fuel cell elec-
trodes and electrolyte, electronic resistance of the
electrodes and contact resistance. At the high cur-
rent region, the limited diffusion of reactants to the
reaction sites, i.e., the mass transport loss (concen-
tration loss), decreases the fuel cell voltage. Charac-
teristics from both RDE and MEA measurements
are comparable in the kinetic region, but each mea-
surement provides important information on the cat-
alyst performance from different perspectives in
terms of activity, stability, and other fuel cell param-
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eters. In the kinetic region, the I–V curves also pro-
vides information for determining the activity of the
catalyst.
3.2 Electrocatalytic Properties
The ternary PtNiCo catalyst is a recent example
showing a major enhancement in electrocatalytic
activity in comparison with its bimetallic counter-
parts[34,58]. Fig. 3 shows a representative set of cyclic
voltammetry(CV) and RDE data for the Pt36Ni15Co49/C
catalysts treated at 400 (a), 700 (b), and 926 益 (c).
In the kinetic region of the RDE curves at 0.900 V
in 0.1 mol窑L-1 HClO4 electrolyte, there is a clear in-
dication of the kinetic current increase with increas-
ing the treatment temperature. The ECA value
showed an initial gradual decrease as the tempera-
ture increased, but it remained constant for those
with the treatment temperatures above 500 益 . The
ECA decrease is apparently associated with the par-
ticle size increase. In Fig. 4A, the mass activity data
was plotted as function of the thermal treatment
temperature. There is a clear trend showing the in-
crease of the mass activity with the treatment tem-
perature. The mass activity of Pt36Ni15Co49/C treated
at 800 and 926益 was more than 4 times higher than
that of state-of-the-art Pt/C.
Both the specific activity and the lattice param-
eter have been found to depend on the thermal treat-
ment temperature. There is a correlation between
the specific activity and the lattice parameter (Fig.
4B). As the lattice shrinks as a result of the in-
creased temperature treatment, the specific activity
showed an increase. This increase occurred mostly
for those with large lattice constants and those with
small lattice constants. The change is relatively
Fig. 3 CV (A) and RDE (B) curves for the PtNiCo/C catalysts treated at (a) 400 益, (b) 700 益, and (c) 926 益. Electrolyte: 0.1
mol窑L-1 HClO4. Pt loading = 6.6 滋g窑cm-2 on the electrode. Scan rate: 50 mV窑s-1 (A) and 10 mV窑s-1 (B). Rotating speed:
1600 r窑min-1 (B)[34].
Fig. 4 A. Plots of mass activity for a set of Pt36Ni15Co49/C catalysts treated at different temperatures. The result for a commer-
cial Pt/C catalyst is included for comparison. B. Plots of specific activity and lattice parameter as a function of thermal
treatment temperature[34].
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small for the intermediate lattice constants. The lat-
tice shrinking is believed to have played an impor-
tant role in enhancing the electrocatalytic activity
for catalysts treated at the higher temperatures. In
addition, the electronic effect from the transition
metal (Co and Ni) in the subsurface may also en-
hance the activity of the Pt overlayer on the alloy
surface. As suggested by the results of density func-
tional theory (DFT) computation, the d-band center
of Pt overlayer on some relevant alloys formed
either by the high temperature annealing or electro-
chemical dissolution of transition metals from
the alloy surface shifted to a lower position with
respect to the Fermi level due to compressive strain
and electronic effect induced by the transition
metals [59-60]. The downshifting of the d-band center
results in a lower oxygen binding energy on the Pt
overlayer. The oxygen binding energy on a pure Pt
surface is too strong. A slightly weakening of it
through alloying with other transition metals would
lead to an increase in the activity. The ORR activity
of PtNiCo catalysts thus strongly depends on the
amount of compressive strain in the surface in addi-
tion to the electronic effect from the Co and Ni in
the subsurface. Therefore, controlling the lattice
constant of the alloys by adjusting the annealing
temperature and the composition is an effective way
to further tune the activity of Pt alloys.
The stability of the catalysts during potential
cycling cab be examined by measurements after po-
tential cycling of the catalysts between 0.02 V and
1.2 V, during which the transition metals on the cat-
alyst surface may be leached out forming a Pt skin.
As evidenced by the results, the increase in treat-
ment temperature apparently increases the stability
of the ECA value. In contrast, the mass activity for
Pt36Ni15Co49/C catalysts shows a significant reduction
as a function of cycling numbers mostly after the
initial 2000 cycles in comparison with that for Pt/C
catalyst. Upon further cycling, the decrease of the
mass activity is relatively small. The fast activity de-
cay may be caused by the dissolution of transition
metals in the alloys at high potentials.
One important strategy for tuning the catalytic
activity involves thermochemical treatment of the
catalysts under nitrogen (野minimum- or non-reac-
tive冶 condition (MNC)) or oxygen (oxidative reac-
tion condition (ORC)) atmosphere to produce differ-
ent degree of oxidation, and subsequently under hy-
drogen atmosphere (reductive reaction condition
(RRC)) to reduce the oxidized components in the
nanoparticles [58] (Fig. 5A). This strategy has been
demonstrated to impact the electrocatalytic activity
of the PtNiCo catalysts in a significant way. For ex-
ample, the catalyst is first heated at 260 益 in N2 at-
mosphere for 30 min for the MNC treatment, or in
Fig. 5 A. An illustration of the thermochemical treatment of the catalyst under nitrogen (野minimum- or non-reactive冶 condi-
tion (MNC)) or oxygen (oxidative reaction condition (ORC)) atmosphere to produce different degree of oxidation, and
subsequently under hydrogen atmosphere (reductive reaction condition (RRC)) to reduce the oxidized components in
the nanoparticles. B. Comparison of mass and specific activities for Pt39Ni22Co39/C catalysts treated under different O2%
in ORC: 0% (i.e., MNC-RRC), ORC (5% O2, i.e., 野LO冶)-RRC, and ORC (15%O2, i.e., 野HO冶)-RRC[58].
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5% or 15% O2 in an ORC treatment (野LO冶 or
野HO冶). The post ORC or MNC catalysts are then
treated at 400 益 in 15% H2 in an RRC treatment,
i.e., ORC-RRC or MNC-RRC treatments. In Fig. 5B,
the mass and specific activity data are plotted as a
function of the oxygen concentration used in the
ORC in the ORC-RRC treatments. There is a clear
increase of the mass activity and the specific activity
with the oxygen concentration in ORC. Note that
the upper limit of the oxygen concentration in the
ORC for the activity increase depends on the specif-
ic catalyst composition. By controlling the concen-
tration of the oxygen in the thermal treatment, there
is a clear increase in MA or SA by a factor of 2 ~ 3
from the MNC-RRC treated catalysts to the ORC-
RRC treated catalysts.
The atomic-scale coordination structure of the
catalysts has also been examined by EXAFS [58], re-
vealing several important insights. First, the detected
coordination numbers (CNs) for Pt-Ni from the cat-
alysts treated by ORC (野LO冶)-RRC (Pt-Ni/Co, CN
= 2.9) and ORC (野HO冶)-RRC (Pt-Ni/Co, CN = 4.5)
are clearly indicative of the formation of Pt-Ni/Co
alloy. There is also a reduction of Pt-Pt bond dis-
tance from 0.274 nm for ORC (Pt particle core) to
0.269 nm for ORC (野LO冶)-RRC and 0.268 nm for
ORC (野HO冶)-RRC. The high oxygen content in the
ORC results in a better alloying between Pt and
Ni/Co upon the RRC treatment. In addition, there is
a significant decrease in oxide content for the cata-
lysts treated by ORC with a higher % O2, which
might have played a role in refining the alloy struc-
ture for the enhanced activity of the ORC (野HO冶)
-RRC over ORC (野LO冶)-RRC or MNC-RRC cata-
lysts (Fig. 5B).
Based on the results from an array of analytical
characterizations, including TGA, TEM, XRD, EX-
AFS, and XPS, the differences in the observed
catalytic activities are attributed to a combination of
changes in the degree of alloying and the metal-met-
al and metal-oxygen coordination structures or cata-
lysts subjected to these different thermochemical
processing atmospheres [58]. This process is also ac-
companied by enrichment of Pt on the surface at the
expense of Ni or Co. The higher degree of alloying
favors the reduction of the fcc-type Pt–Pt lattice dis-
tances, which together with the surface enriched Pt,
enhances the activation of the molecular oxygen.
The reduced propensity of surface oxidation favors
the availability of surface sites for removing oxy-
genated species adsorbed on the Pt sites following
the reduction of molecular oxygen. A combination
of the increase in the alloying degree, the decrease
in oxide content, and the enrichment of surface Pt
for the catalysts treated by the oxidative-reductive
thermal processing has been concluded to be re-
sponsible for the enhanced electrocatalytic activity.
The data for the ternary catalyst have also been
compared with those from the bimetallic counter-
parts, i.e., PtNi and PtCo catalysts[35] for assessing
the catalyst composition and size effects on the elec-
trocatalytic activity. If the effect of the subtle differ-
ences in composition on the mass activity is as-
sumed to be relatively less significant than the size
effect which is supported by the experimental data,
and the degree of base metal leaching from the sur-
face is assumed to be similar for PtNi/C and PtCo/C,
there appears to be a sharp contrast in terms of mass
activity dependence on the particle size. While the
mass activity shows a decrease with the increase in
particle size for PtCo/C catalysts in the 3 to 8 nm
range, it exhibits an increase with the particle size
for the PtNi/C catalysts. Note that a similar trend is
also observed for the specific activity for the PtNi/C
catalysts, though it is less significant for the PtCo/C
catalysts. It is interesting to note that this trend is
different from the size dependence of mass activity
reported recently for Pt3Co/C catalysts prepared by a
different method [61-62], which showed a maximum
mass activity at 4.5 nm. In the previous work, the
size dependence was believed to reflect a balance of
the average coordination number and the surface
Co-leaching of the catalysts, and the enhanced ad-
sorption of oxygenated species on the smaller sized
particles, and consequently the decrease of the ORR
activity. In another study [63] of PtCo catalysts with a
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larger amount of oxygenated species, the surface Co
oxides or subsurface species were found to exhibit a
relatively-high specific activity. Based on our XAS
data, we believe that the smaller Pt要Pt bond dis-
tance for PtCo/C than for PtNi/C is partially respon-
sible for the higher activity for PtCo/C. It is possible
that the observed difference in size dependence of
activity for these two bimetallic catalysts was in part
due to the difference in the amount of surface oxy-
genated species between these two types of alloy
nanoparticles, which could lead to the difference in
electrocatalytic activity for ORR [35,63]. This assess-
ment is supported by the XAFS-detected subtle dif-
ferences in Pt-M (M= Ni, and Co) bond distance and
Pt要O coordination numbers, reflecting the presence
of segregated phases in the PtNi nanoparticles and
an enhanced adsorption of oxygenated species on
PtCo nanoparticles, respectively.
By comparing the ORR mass/specific activities
of the ternary PtNiCo/C catalyst [34] with its binary
counterparts (PtNi/C and PtCo/C)[35], the ternary al-
loy catalyst clearly outperforms the binary ones
(Tab. 1). This finding demonstrates a synergistic
role played by the ternary alloy composition in the
engineering the nanoparticle and the surface struc-
tures, details of which are being probed using syn-
chrotron x-ray techniques in our ongoing work.
It is also important to emphasize that a number
of ternary catalysts have been demonstrated to func-
tion as highly-active ORR catalysts[34,40,64-65], including
PtNiCo/C, PtNiFe/C, PtIrCo/C, and PtVFe/C (Tab.
2). In our latest work, another ternary catalyst
(PtVCo/C) was also found to exhibit high electro-
Tab. 1 Comparison of ORR mass/specific activities at 0.900
V in 0.1 mol窑L-1 HClO4 (Note that the mass/specific
activity data were extracted directly from the RDE
curves without IR-drop correction)[34-35].
Tab. 2 Comparison of ORR mass/specific activities for several
catalysts (Pt/C, PtNiCo/C, PtIrCo/C, PtVFe/C, and
PtNiFe/C) at 0.900 V in 0.1 mol窑L-1 HClO4(Note that
mass/specific activity data were extracted directly from
the RDE curves without IR-drop correction)[34,40,64-65].
* MA/SA at 0.858 V in 0.5 mol窑L-1H2SO4.
catalytic activity for ORR (MA: 0.99 A窑mgPt-1; SA:
1.52 mA窑cm-2). The catalysts not only showed
enhanced catalytic activity over Pt/C catalyst, but
also showed clear dependence on the nature of the
base metals alloyed into Pt-ternary nanoparticles.
Many of the ternary catalysts have also been
tested in a real fuel cell with MEAs loaded with the
catalysts (e.g., PtNiCo/C, PtNiFe/C, and PtVFe/C)
under a loading of 0.4 mgPt窑cm-2[37-40,66]. Both the cell
voltage and the peak power density for the fuel cells
with these ternary catalysts have been shown to be
greater than those for the fuel cell with Pt/C catalyst
under the same test conditions. Some of the catalysts
have also showed indications of enhanced stability,
demonstrating the viability of the catalysts for
applications in real fuel cells.
While promising leads to practical applications
for some of the nanoalloy catalysts have been ob-
tained based on the results from testing their perfor-
mance in single-cell proton exchange membrane fu-
el cell, there are a number of fundamental issues yet
to be addressed. One of the issues concerns the sta-
bility of base metals in the nanoalloy catalysts under
the harsh operation condition of a fuel cell, which
could lead to dissolution of base metals on the sur-
face and the formation of the so-called Pt skin on
the nanoalloy surface. While there are many studies
focusing on the Pt-skin effect, the existing data do
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mental facts of alloy catalysts, especially for nanoal-
loy catalysts. The question of how the nanoalloy
structure can be perfected by refined processing
strategies for achieving both high activity and high
stability, or controlled by de-alloying process in the
electrolyte for achieving stabilized activity and sta-
bility is increasingly important, which poses chal-
lenges to future research and development in fuel
cell technology. Studies using various in-situ X-ray
or spectroscopic techniques to address this question,
part of our ongoing investigation, will provide some
useful information in this regard.
4 Summary
In summary, effective strategies have been
developed to produce Pt-based ternary alloy
nanoparticles that exhibit enhanced electrocatalytic
activities for oxygen reduction reaction in fuel cells.
The synergistic properties of the ternary nanoalloy
have played an important role in outperforming their
binary counterparts in terms of the electrocatalytic
activity. Further understanding of the atomic-scale
structural correlation of the electrocatalytic properties
of a wide range of binary[67-68] and ternary [34,40,64-65,69]
nanoalloy catalysts for different fuel cell reactions
will provide important insights for the rationale de-
sign of advanced catalysts.
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渊1. 纽约州立大学宾汉姆顿分校化学系袁美国 纽约 13902曰







结构和组成的纳米级调优的重要性. PtNiCo/C 电催化剂的质量比活性远高于其二元合金催化剂和 Pt/C商业电
催化剂. 三元电催化剂的催化活性可通过控制其组成来调节. 本文还讨论了三元纳米合金催化剂的结构及其协
同效应对增强其电催化性能的影响.
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